Background. Anti-infective shortages are a pervasive problem in the United States. The objective of this study was to identify any associations between changes in prescribing of antibiotics that have a high risk for CDI during a piperacillin/tazobactam (PIP/ TAZO) shortage and hospital-onset Clostridium difficile infection (HO-CDI) risk in 88 US medical centers.
Anti-infective shortages have been an increasingly pervasive problem worldwide [1] . In a recent survey of 701 infectious diseases physicians in North America, 70% noted that they have had to modify anti-infective prescribing in the prior 2 years due to a drug shortage [2] . To date, it has been difficult to characterize the adverse effects of these anti-infective shortages on patient clinical outcomes at a population health level. At the same time, Clostridium difficile infection (CDI) is among the most common healthcare-associated infections in the United States and is associated with 15 000-29 000 deaths each year [3, 4] . The risk of CDI is increased with the use of high-risk antibiotics such as cephalosporins, fluoroquinolones, and clindamycin whereas some agents, including piperacillin/tazobactam (PIP/TAZO), have been found to be protective against CDI [5] [6] [7] [8] .
In December 2014, a PIP/TAZO shortage due to manufacturing problems with a major supplier affected many US hospitals [9] . Previous studies suggest that PIP/TAZO may be associated with a lower risk of CDI relative to other antibiotics in part due to its intrinsic activity against C. difficile [6, 10, 11] . Notably, 2 single-center studies suggested that a previous PIP/ TAZO shortage and subsequent increases in cephalosporin use (ie ceftriaxone, cefotetan, cefotaxime) may have contributed to increased CDI rates in 2002 [5, 12] . Therefore, the objective of this study was to identify any associations between changes in antibiotic prescribing during the PIP/TAZO shortage and hospital-onset CDI (HO-CDI) risk in a large collection of US medical centers.
research database have been previously described elsewhere [13] [14] [15] . The main data elements in the research database used for the current study included antibiotic days of therapy (DOT) per 1000 patient-days and C. difficile test results during the study period. The study protocol was approved by the New England Institutional Review Board (Wellesley, Massachusetts).
Definition of the Piperacillin/Tazobactam Shortage
The general shortage period was determined a priori to correspond to the national shortage period starting at the end of December 2014. We identified the shortage quarter that showed the greater percentage decrease in PIP/TAZO use among the first 2 quarters of 2015 as the "shortage period, " in comparison to the last 2 quarters of 2014 (pre-shortage period). A hospital was considered to experience a PIP/TAZO shortage if there was a statistically significant decrease in at least 1 of the first 2 quarters of 2015 compared to the last 2 quarters of 2014. The severity of PIP/TAZO shortage was classified for each hospital as either mild (≤33% decrease), moderate (34%-66% decrease), or severe (>66% decrease).
Definition of High-, Medium-, and Low-Risk Antibiotics for Acquisition of CDI
A priori categorization of classes of antibiotics and their associated CDI risk was done by literature review and obtaining consensus among 2 pharmacists (A. E. G. and V. G.) and 3 physicians (S. C. B., A. S., and R. S. J.) specializing in infectious diseases or gastroenterology [5, [16] [17] [18] [19] . Antibiotics classified as having the highest risk for CDI included clindamycin; fluoroquinolones (ciprofloxacin, moxifloxacin, gatifloxacin, levofloxacin); carbapenems (ertapenem, meropenem, doripenem, imipenem); second/third/fourth-generation cephalosporins (cefotaxime, cefepime, ceftriaxone, ceftazidime, cefuroxime, cefotetan, cefoxitin); aztreonam; and ampicillin/sulbactam.
Outcome
A CDI case was defined as a positive result of C. difficile toxin or molecular assay of a stool specimen obtained from a patient without a positive assay in the previous 8 weeks. Of these CDI cases, HO-CDI was defined if the positive specimen was collected >3 calendar days after hospital admission.
Statistical Analysis
We first conducted univariate analysis using the Wilcoxon test on the difference between PIP/TAZO during the pre-shortage period vs shortage period and high-risk antibiotics use between the pre-shortage period and shortage period. We used DOT per 1000 days at risk (DAR), a commonly used analytic unit used by the Centers for Disease Control and Prevention and others, to evaluate drug use [20] .
We modeled CDI rate differences before and during the shortage using Poisson regression with a difference in differences approach. The difference in differences approach regresses the outcome on indicators of the period, the group, and an interaction term between period and group. The 2 groups correspond to those hospitals that responded to the shortage with a shift toward antibiotics with a high-risk for CDI and those that did not shift. The interaction term represents the difference in differences estimator in CDI events pre-and post-PIP/TAZO shortage for those hospitals that responded with increased use of high-risk antibiotics vs those hospitals that did not shift toward use of high-risk antibiotics. Hospital teaching status, urban/rural status, and number of beds were controlled for. A post hoc subgroup analysis was conducted 1 year following the shortage period to characterize any recovery of antibiotic use to pre-shortage values. All analyses were conducted using SAS software version 9.2 (SAS Institute, Cary, North Carolina).
RESULTS

Piperacillin/Tazobactam Use Before Versus During the Shortage
Of 107 hospitals in the MedMined Clinical Research Database, 88 hospitals experienced a PIP/TAZO shortage. Among the 88 hospitals, 12 (14%) were teaching and 76 (86%) were nonteaching; 12 (14%) were rural, 76 (86%) were urban; and 6 (7%), 31 (35%), and 51 (58%) had <100, 100-300, and >300 beds, respectively. For hospitals experiencing a mild shortage (n = 39), the pooled pre-shortage period vs shortage period PIP/TAZO use was 72.1 vs 63.3 DOT/1000 DAR (P = .08) ( Table 1 ). For hospitals experiencing a moderate shortage (n = 20), the corresponding pooled use was 83.5 vs 41.6 DOT/1000 DAR (P = .0001). For hospitals experiencing a severe shortage (n = 29), the corresponding pooled PIP/TAZO use was 79.1 vs 11.9 DOT/1000 DAR (P < .0001).
Change in the Use of High-Risk Antibiotics
Of the 88 hospitals who experienced a PIP/TAZO shortage, 16 hospitals had no increase in high-risk antibiotic use during the PIP/TAZO shortage period; their pooled high-risk antibiotic use was 237.0 vs 224.8 DOT/1000 DAR (P = .29) ( Table 1 ). The remaining 72 hospitals experienced different levels of increased high-risk antibiotic use (1%-10% [n = 21], 11%-30% [n = 35], and >30% [n = 16]); the high-risk antibiotic use was significantly greater in the shortage period for all 3 levels of high-risk antibiotic use (all P < .01). Changes in high-risk antibiotic use by antibiotic class are listed in Table 2 . Most of the changes in antibiotic prescribing before and during the shortage among cephalosporins were due to increases in cefepime use (mean, 24.9 and 44.2 DOT/1000 DAR, respectively; P < .0001).
CDI Rates by Piperacillin/Tazobactam Shortage and Change in High-Risk Antibiotic Use
The unadjusted pre-shortage period vs shortage period HO-CDI rates (HO-CDIs per 10 000 patient-days) by levels of PIP/TAZO shortages can be seen in Figure 1 . Although the shortage period HO-CDI rates for moderate or severe shortage hospitals were slightly greater compared with the pre-shortage period, none of the P values were statistically significant.
The unadjusted pre-shortage period vs shortage period HO-CDI rates (CDIs per 10 000 patient days) by levels of increasing in high-risk antibiotic use during the shortage period can be seen in Figure 2 . Hospitals without increasing high-risk antibiotic use showed lower HO-CDI in the shortage period. Hospitals experiencing increasing use of high-risk antibiotics showed greater HO-CDI rates in the shortage period.
Adjusted Risks of CDI for Piperacillin/Tazobactam Shortages and HighRisk Antibiotic Change
The adjusted relative risk (RR) of HO-CDI regardless of increased high-risk antibiotic use for moderate and severe shortages was similar. The combined moderate and severe shortage group had an RR of 1.03 (95% confidence interval [CI], .85-1.26; P = .73) compared to hospitals with mild PIP/TAZO shortages. However, for the group of hospitals that experienced a PIP/TAZO shortage and also showed a shortage period shift toward increasing use of high-risk antibiotics, the RR for HO-CDI was 1.30 (95% CI, 1.03-1.64; P < .05). With a rate of 4.5 CDI events per 10 000 patient-days among all hospitals experiencing a PIP/TAZO shortage, this would equate to 21 HO-CDI cases per a median hospital per annum. A 30% increase from this base rate would add 6 more HO-CDI cases per annum in a hospital experiencing both the shortage and responding with a shift toward higher-risk antibiotics.
Characterization of Piperacillin/Tazobactam Recovery, High-Risk Antibiotic Use, and Hospital-Onset Clostridium difficile Infection After the Shortage
We used data 1 year following the shortage period to examine degree of PIP/TAZO use recovery and high-risk antibiotic use recovery as a post hoc subgroup analysis. One of the original 72 hospitals that had a PIP/TAZO shortage could not provide data, and 6 hospitals showed no recovery at all in terms of PIP/TAZO usage. Of the 65 remaining hospitals, 27 (41%) showed complete recovery of PIP/TAZO use to preshortage levels. However, only 13 hospitals (18%) also showed complete recovery in terms of reduced use of highrisk antibiotics. Although the CDI rates and odds ratio from expanding the difference in difference method to a 3 time period variable are consistent with decreasing CDI rates in the recovery period, the small number of hospitals makes these estimates vulnerable to choice of the cutoffs for the definition of recovery.
DISCUSSION
In this study of 88 hospitals that experienced a PIP/TAZO shortage, we identified an association between the resulting increased use of high-risk antibiotics and HO-CDI. This is a noteworthy finding given that CDI is associated with at least 15 000 deaths and more than $1 billion in excess medical costs annually in the United States [4] . Of note, a local increase of 1.5 HO-CDI cases per quarter may easily be overlooked at an individual hospital, and it was only by aggregating multiple institutions that the effect was identified. Anti-infective shortages are increasingly common, and the adverse effects of drug shortages have not been well described at a population health level [21] .
Two previous single-center studies suggested that a PIP/ TAZO shortage, and subsequent increases in cephalosporin use, contributed to an increased CDI rate [5, 12] . Following a PIP/TAZO shortage beginning in December 2001, Wilcox et al observed a 370% overall increase in cefotaxime use in a geriatrics inpatient ward [5] . Subsequently, there was a 232% increase in overall CDI rate (P < .01). This study also demonstrated that CDI rates decreased by 52% (P = .008) during an earlier restriction of cefotaxime facilitated by active monitoring and prospective audit and feedback. At another medical center during the same PIP/TAZO shortage, Alston et al observed an increased rate of HO-CDI from 92 to 211 cases per 100 000 patient-days before and after the shortage, respectively (P < .001) [12] . Initially, cefotetan and ceftriaxone use increased in response to the shortage, followed by an increase in levofloxacin use. Mendez et al also evaluated the effects the same PIP/TAZO shortage at their institution and paradoxically found a 47% decrease in overall CDI. In multivariate analysis, PIP/TAZO use was not associated with CDI but reduced use of ceftriaxone was [22] . Collectively, these studies suggest the prior PIP/TAZO shortage may have impacted CDI rates; however, they are limited in their single-center nature. Furthermore, all the studies except for the study by Alston et al included community-onset CDI, which may be a suboptimal outcome measure as the antibiotic exposure is occurring on an inpatient basis.
Multiple studies have evaluated the relative risk of various antibiotics for C. difficile colonization and symptomatic disease. Two meta-analyses found clindamycin, cephalosporins, and carbapenems to be among the highest-risk agents for CDI while both analyses found penicillins and penicillin combinations to have the lowest risk [18, 19] . PIP/TAZO's relatively low risk for CDI noted in previously mentioned studies may be due to its intrinsic activity against C. difficile and its ability to decrease sporulation [23] . PIP/TAZO can prevent de novo colonization with C. difficile given its ability to achieve inhibitory concentrations in the gastrointestinal tract [8] . A study from Dubberke et al that screened 235 patients at admission and discharge for C. difficile showed that β-lactam/β-lactamase inhibitor or metronidazole exposure was associated with a loss of C. difficile colonization during hospitalization (P = .04 and P = .03, respectively), whereas cephalosporin use was associated with acquisition of C. difficile (P = .03) [24] . Notably, although carbapenems often have activity against C. difficile, these remain a relatively strong risk factor for CDI; potentially this is due to their inability to achieve adequate C. difficile inhibitory activity in the gastrointestinal tract, unlike PIP/TAZO [25] .
As expected, this study revealed that many centers that experienced a PIP/TAZO shortage shifted prescribing to alternative antipseudomonal β-lactams. Importantly, some centers shifted prescribing primarily to carbapenems whereas others shifted to cefepime. Carbapenems are more broad-spectrum relative to PIP/TAZO and cefepime, given that they are typically active against extended-spectrum β-lactamase-producing Enterobacteriaceae. This shift to carbapenems from PIP/TAZO is disconcerting given that carbapenem use is associated with carbapenem resistance development and that severe infections secondary to carbapenem-resistant Enterobacteriaceae are associated with an excess absolute mortality rate of approximately 27% [26] [27] [28] [29] . The reason some institutions shifted use to cefepime while others shifted to carbapenems is not known. Intuitively, differences in drug activity may drive prescribing. However, in a 2012-2013 survey of 3082 Pseudomonas aeruginosa isolates from 71 US medical centers, 79%, 84%, and 82% of isolates were susceptible to PIP/TAZO, cefepime, and meropenem, respectively [30] . Additionally, among 13 820 Enterobacteriaceae isolates, 93%, 95%, and 99% were susceptible to PIP/TAZO, cefepime, and meropenem, respectively. This shows that cefepime has similar or better activity than PIP/ TAZO for P. aeruginosa and Enterobacteriaceae and therefore is probably an ideal agent (with or without metronidazole) to substitute for PIP/TAZO. The potentially inappropriate use of carbapenems during the PIP/TAZO shortage highlights the vital role of antimicrobial stewardship in mitigating anti-infective shortages. Antimicrobial stewardship programs can provide tailored education to clinicians regarding preferred alternative agents with similar activity and reserve any remaining stock of the agent on shortage for selected patients [31] .
Antimicrobial shortages continue to be a problem in the United States. Between 2001 and 2013, 148 antibacterials were on shortage, with PIP/TAZO being on shortage 5 times for a total of 1858 days [21] . And the rate of drug shortages is increasing: From July 2007 to December 2013, 0.35 additional drugs were on shortage each month. In a 2012 survey of hospital pharmacy staff conducted by the Institute for Safe Medication Practices, the most common adverse effect of drug shortages reported was inadequate treatment of disease due to the drug of choice being unavailable [32] . Examples of this for anti-infectives include shortages of penicillin for the treatment of neurosyphilis or shortages of amikacin for the treatment of multidrug-resistant gram-negative bacteria [33, 34] . The use of less effective alternative agents, increases in medical errors, and potential for increased CDI highlight the need to mitigate drug shortages locally through antimicrobial stewardship programs, but this problem also needs to be addressed nationally. Increased communication between manufacturers, regulatory bodies, and practitioners of impending drug shortages can potentially decrease untoward effects. In July 2012, the Food and Drug Administration Safety and Innovation Act was enacted to provide the Food and Drug Administration additional authority to assist manufacturers in preventing impending shortages [35] . Given that manufacturing and regulatory issues are common causes for drug shortages, it is hoped this intervention will decrease the rate of drug shortages; however, drug shortages still continue as evidenced by the PIP/TAZO and other shortages [9] . This study has some limitations. HO-CDI was not based on symptoms; however, most patients who have a C. difficile assay drawn will be symptomatic with diarrhea. Another limitation is that we used pharmacy orders and not antimicrobial administration to evaluate change in antimicrobial usage. Because the same process was used to measure antimicrobial use, we believe that this would not change the directionality of the changes. It is also possible that some hospitals may have changed testing procedures during the study, which may have impacted HO-CDI rates. The changes in HO-CDI between the pre-shortage period and shortage period may have been due in part to seasonality; to address this we selected a recovery period for subgroup analysis that included the same seasonal months as the shortage period. However, the number of hospitals that fully recovered after the shortage was too small to conclusively demonstrate a subsequent fall in HO-CDI rates although the point estimates decreased. Finally, our assessment of hospitals experiencing a PIP/TAZO shortage was based on drug use data and not on direct confirmation from the hospitals that they had experienced a shortage; however, as 82% of hospitals in the database experienced decreased use of PIP/TAZO, it is more likely these changes were a result of the national shortage and not a local stewardship intervention aimed at decreasing PIP/TAZO use. Strengths of this study include the use of microbiologic and antibiotic use data from a large collection of US hospitals and use of a standard definition for HO-CDI.
In conclusion, a national shortage of PIP/TAZO, and subsequent increases in high-risk antibiotic use, was associated with an increased HO-CDI rate. Urgent action is required to mitigate drug shortages nationally as well as to further describe the adverse effects of these drug shortages with additional multicenter studies. These data can help guide optimal stewardship interventions in response to drug shortages.
Notes
